The current paper examines the feasibility of using a high altitude tethered aerostat as a platform for producing a substantial quantity of electric energy and transmitting it to Earth using the mooring cable.
INTRODUCTION
Lighter-than-air (LTA) craft have been progressively neglected by the main stream research in Aerospace Engineering during the second half of the past century after having made remarkable technological progress that culminated in the 1930s, with the construction of over 200 m long airships [1] . There have been some developments of historical interest [2, 3] but little of significance.
However, in the last few years, this trend has changed, and today LTA are attracting a renewed interest. Their typical market niches (scientific ballooning, surveillance/reconnaissance [4, 5] ) are expanding, and more researchers have proposed several different applications, ranging from high altitude aerostats (LTA tethered to the ground) as astronomical platforms [6] to infrastructures for communication systems [7, 8] .
Among the most recent achievements in scientific ballooning, are the successful launches in 2002 of a ultra-high altitude balloon [9] of nearly 1.7 million m 3 (the balloon was developed for NASA and reached the altitude of 49 km) and that of the Institute of Space and Astronautical Science (ISAS) of Japan that successfully launched an ultra-thin film balloon, which carried a 10-kg payload to a world-record altitude of 53 km.
Tethered aerostats are limited to lower altitudes due to the weight of the tether, which increase linearly with height. Currently aerostats can fly up to 12 km [6] but various studies have been conducted to prove that considerably greater altitudes can be reached. For example, the Johns Hopkins University Applied Physics Laboratory has conducted successfully a feasibility study on a high altitude (20 km) tethered balloon-based space-to-ground optical communication system [7] . Applications like Lockheed Martin 56K aerostat surveillance systems [4] are already operational, and there are available on the market aerostats like the PUMA Tethered Aerostat [10] , or the TCOM's 71M [11] ) that can fly upto approximately 5 km tethered with payloads of 2250 kg and 1600 kg, respectively. These aerostats have a mooring cable (i.e. their tether) that supplies the aerostat onboard systems and the payload with electric power, and they are designed to be able to withstand lighting strikes and strong winds.
The possibility to use solar power as source of energy for the airship propulsion and/or to supply energy to on board systems has been investigated by Khoury [12, 13] . The 'sunship' that he proposed was a very simple and conventional envelope design, filled with helium, with thin film solar arrays covering appropriate areas of the external surface. The electrical power produced by the cells was then used for the propulsion and on board electrical system, with part of the energy stored in suitable units with high storage energy to weight ratio. Notwithstanding the quality of the case made by the author, the 'sunship' was never built.
However changes in the economy driven by politics and/or technical factors (limitation of resources or scientific advances) transform the markets and the viability of certain technologies may change as a result. A typical case is that of wind turbines, whose technology has been available for decades, but only in the last few years have become a viable method to produce large quantities of electric energy.
In the 1970s, Glaser's concept to exploit a large solar radiation collector outside the atmosphere (Satellite Solar Power Station) [14] and transmit the energy to earth (using microwaves) attracted considerable research interest. However, the issues involved with efficiency and safety of the transportation of the energy from the satellite to Earth have denied the practical implementation of this method.
As an intermediate solution between Glaser's concept and conventional ground-based solar panels, this paper proposes collecting solar energy using a high altitude aerostat and transmit it to the ground using the aerostat mooring line. The current work considers established technologies applied to a novel concept, in order to examine the feasibility of the concept and to give a preliminary assessment of its viability in the current renewably energy market.
GROUND-BASED PHOTOVOLTAIC CELLS ENERGY PRODUCTION
One of the major issues in the use of ground-based photovoltaic (PV) panels is that the power output of the devices is strongly dependent on the weather conditions, and this has hindered the expansion of this type of devices in countries with climates such as the UK. The manufacturers of commercially available PV modules e.g. BP solar [15] , rate the panels at Standard Test Conditions (i.e. temperature of the PV cells 25 8C, intensity of radiation 1 kW/m 2 , and the spectral distribution of the light corresponding to the spectrum of sunlight that has been filtered by passing through 1.5 thicknesses of the Earth's atmosphere). These conditions correspond to noon on a clear sunny day with the sun about 608 above the horizon. Generally, in these conditions, the panels commercially available have an efficiency in the region of 7 to 15 per cent, which for a panel corresponds to a power output of 70 to 150 W/m 2 .
However, the manufacturers and distributors also declare that the power output decreases approximately linearly with cloud amount, down to 5-10 per cent of the peak value for dark overcast weather (this means that the power output can be as low as 3.5 to 7.5 W for a square metre panel depending on the cell's efficiency).
The 'average' energy produced by PV modules is conveniently calculated with the use of peak solar hours (PSH), which is numerically equal to the daily solar irradiation in kWh/m 2 . In Europe, typical annual average PSH values for horizontal surfaces range from about 2.5 h in northern England to 4.85 h in southern Spain. Some improvement can be achieved if the panels are mounted at an inclined position facing South (the optimum angle for year round energy capture is usually close to the angle of latitude of the site), and a further improvement can be achieved by tracking the sun. On the ground, the increase depends on the nature of solar radiation at a particular site. As a rule of thumb, the energy captured can be increased by about 35 per cent over radiation received by a fixed-tilt panel but the complications and cost of the tracking mechanism often discourage this solution. However, a much higher increase can be obtained by capturing the solar radiation and tracking outside the atmosphere, and in this case the implementation of tracking solutions may be justified. As an illustration, Table 1 shows the different values of the yearly solar radiation for Southampton. The numbers in the table for the extraterrestrial cases do not consider that in cloudy conditions the reflection and scattering of sun light on the clouds below the panel will further increase the radiation illuminating the cells, and thus the electricity produced.
A fact sheet from Ecofirst [16] states that 'a well designed 1-kWp grid connected PV system, in the The aerostat for electrical power generation (AEPG) would float, above the clouds, usually at an altitude of 3 to 9 km according to the weather conditions. As the solar energy collector will be floating, this would also allow tracking of the sun orientation using the aerostat attitude control.
In countries with more favourable weather solar energy can cost 15 -30 Cents per kWh, but still it does not compare too favorably with other renewable sources, e.g. wind, which can be exploited to produce electric energy at a cost of about 4 -6 Cents per kWh. One of the reasons for the relatively high cost of electric solar energy is the relative shortage of silicon that is used in cells [17] . However, this is expected to be soon replaced by artificial silicon, so that the cost of the cells should start to decrease in the next few years. Regardless of the cost of the solar cells, the AEPG gives the possibility to produce considerably more power from the same type of cells, with respect to ground-based solar panels, and therefore in theory could bring down the cost by the same factor as it increases the energy produced. In practice, this theoretical gain in performance has to be off set by the cost of the infrastructure (i.e. the aerostat and tether including its operations), and this is the crucial point, which will decide the economical viability of these devices.
The current article is focused on the technical feasibility of the concept. However, as commercial viability is a crucial factor in section 5 a very preliminary assessment of the cost has also been included.
AEPG CONCEPT DESIGN

Design environment
To carry out a preliminary design of the aerostatic platform the environmental conditions that need to be withstood must be set, and this requires a good statistical knowledge of the atmospheric conditions in which the aerostat is due to operate. This information is available from various sources (e.g. Engineering Sciences Data Unit data sheets or the UK meteorological office), and a detailed and statistically representative environment can be calculated for any location in the UK or abroad. However, here the intention is to asses the technical feasibility of the concept, rather than to carry out a specific preliminary design. Therefore, as most of the aerostats of comparable size and performance currently on the market (e.g. [11] ) are able to operate under most weather conditions and quote the capability to withstand winds up and beyond 100 mph, it is implicit that this is indeed feasible.
To achieve its goal, the aerostat has to fly above the low and medium clouds, and this generally means an altitude of say 3 to 9 km [18] . Clouds top can extend above the 9-km altitude, but the probability of this occurrence at the location of the aerostat is so low that it does not justify an extension of the aerostat design envelope to accommodate this unlikely occurrence. Most clouds are actually below the 5-6 km, and therefore 6 km is taken as the average design altitude. However, it is considered that the aerostat could be required to fly at higher altitudes.
Lift
To accomplish its mission the aerostat has to be able to produce enough lift to overcome its weight, the weight of the solar cells plus any control system and that of the tether, still leaving enough margin to produce appropriate tension in the tether to avoid excessive sag.
Neglecting any aerodynamic lift (in first approximation the aerostat is considered a sphere and this will be discussed later in the article), which could be generated by the shape of the aerostat, the lifting force is basically the aerostat buoyancy, that can be calculated using Archimedes principle
where Vol is the volume of the aerostat and r air and r helium , the densities of air and helium, respectively, (helium is the baseline option as the gas filling the envelope), at the specific conditions of operations (e.g. pressure, altitude), and g is the gravitational acceleration (9.81 m/s 2 ). As these are preliminary calculations, it is assumed that the pressure of the helium inside the envelope is equal to that of the air outside, and that the helium occupies the entire volume of the envelope.
Aerostat weights and power generated
On average, about 75 per cent of the weight of an aerostat is generated by the fabric that makes up the envelope (including ballonets) with the other 25 per cent made up by various subsystems such as nose reinforcements, suspension system for the payload etc. [19] . Therefore knowing the surface area of the aerostat, (which can be estimated from its volume) it is possible to estimate its weight
where d env is the area density of the skin and A aer (Vol) is a function that generates the surface of the aerostat from its volume. The weight of the solar cells, can be easily estimated by multiplying the cell area density by the surface covered on the aerostat. However, there are various types of cells available on the market, from light weight amorphous silicon triple junction cells (efficiency upto 7 per cent) that could be directly integrated on the skin (see for example reference [20] ), with a mass penalty that could be as low as 25 g/m 2 , to heavier but more efficient cells (e.g. triple-junction with monolithic diode high efficiency cells [21] efficiency 28 per cent), which require some rigid backing and could be used with a mass penalty that can be in the region of 850 g/m 2 . These types of cells could be mounted on light weight carbon fibre-reinforced plastic tiles that would be used to clad part of the aerostat envelope. Although amorphous silicon cells seem more appropriate, judging by the efficiency over area density ratio, there are issues concerning the ease of installations, repairs, amount of surface available, and finally costs that have to be considered.
It is assumed that a particular surface of the aerostat envelope is covered by solar cells, and that the aerostat is tracking the sun. If g is the ratio between the surface covered by the cells and that of whole aerostat envelope, and d cells is the area density of the cells (allowing for connections, mounting devices etc.) it is possible to calculate the weight of the solar cells
Only a fraction of these cells will be illuminated perpendicularly, and therefore it is possible to introduce an efficiency h area that considers that the cells are illuminated at different angles. Therefore, the power produced by the cells can be written as
where h cells is the cells efficiency, and F is the solar flux at the aerostat operational altitude.
Tether design
The bulk of the weight of the tether is produced by the cable that is used to transport the electricity to the ground. Although copper has a higher conductivity than aluminium, its specific mass is considerably higher, therefore aluminium is chosen for all the applications where high conductivity over mass is required (e.g. overhead power lines). The cross-section of the cable can be calculated by setting its overall resistance to a value that ensures adequate electrical performance. It is likely that some reinforcement (in the form of composite fibres like Kevlar) has to be added to withstand the tension in the tether, and its cross-section can be calculated once the force in the tether is known. From the cross-section and the length of the tether required it is possible to estimate its weight. It is likely that some isolators have to be added. However, their mass should be considerably lower than that of the aluminium plus composite fibre reinforcement. It is clear that the best electrical performance of the tether (i.e. minimizing its resistance and thus the electrical losses) is achieved by maximizing the crosssection of the aluminium conductor. However, the heavier the tether the more lifting force is required from the aerostat, which in turn requires a larger (and more expensive) aerostat.
If the electrical losses in the cable are fixed, for convenience, to 10 per cent of the power produced by the solar cells it is possible to calculate the cross-section required as a function of the surface covered by the solar cells.
As the electrical power lost in the cable is equal to
where r Al is the resistivity of the aluminium, S the overall length of the conductor (with A Al its crosssection), and I the current, that is given by
(where P gen and V gen are the power and voltage generated by the solar cell assembly) it can be written that
Substituting equation (4) in equation (7) and solving for the aluminium cable cross-section yields
So that the weight can be calculated as
Concerning the fibres reinforcement, the tension that they have to withstand is mainly the force produced by the aerodynamic drag and the extra lift at the aerostat tether constraining point [22] 
A fraction of the tension in the cable can actually be withstood by the aluminium conductor, but to be conservative here it is assumed that the tension will be entirely withstood by the composite fibres reinforcement.
The drag force can be estimated from
where C d is the drag coefficient, A c-aer (Vol) is the cross-sectional area of the aerostat, and v is the wind velocity. With reference to the sketch in Fig. 1 , the tension in the cable can be calculated from
and from the fibres ultimate strength s u it is possible to calculate the required cross-section from
so that the weight will be
(where S T is the length of the tether). Currently there are fibres available with strengths upto 7 GPa and densities below 1500 kg/m 3 (fibres quoted in reference [23] ), and progress in this area is continuously delivering materials with better performance (carbon nanotubes). Therefore, the strength of the cable is not perceived as an area of concern which could deny the feasibility. To summarize, using the above equations it is possible to calculate the minimum size required for the aerostat to generate enough lift to overcome the weight. In fact as the weight ultimately depend on the surface of the envelope, and the lift by its volume, there will be a minimum size that for a given shape makes the concept viable.
Deployment in high winds
As the aerostat must be operational under most weather conditions, apart from extreme weather, an assessment of its position (in particular horizontal downwind position and altitude) as a function of the wind strength has to be carried out.
The drag force per unit length on the cable is considerable smaller than the other forces, and although it could be accounted for in a detailed analysis as that shown in reference [22] in this preliminary assessment it has been neglected. The weight per unit of length of the tether is nonnegligible, and therefore there might be considerable sag. In first approximation, and to be conservative the bending stiffness of the tether can be neglected so that this will take the shape of a segment of a catenary curve.
With reference to Fig. 2 , where T H and T V are the horizontal and vertical components of the force on the tether, respectively, and w its weight per unit length, the equilibrium of the vertical forces delivers
As
where T H is actually equal to the drag D, by deriving equation (16), substituting equation (15) in the Fig. 1 Schematic configuration of the aerostat equilibrium including the effect of the wind Fig. 2 Forces acting on a segment of the tether derived equation and integrating twice
Assuming the origin of the coordinate system centered at the mooring station ( Fig. 1) , the constants of integration C 1 and C 2 can be obtained from the boundary conditions yð0Þ ¼ 0
so that the final expression of the tether shape will be
The slope of the tether at the point of attachment to the aerostat will be
and this information can be used to calculate the horizontal coordinate of the position of the aerostat x A (Fig. 1 ), which results
and its altitude can be obtained substituting x A in equation (19) . Dynamic effects, like response to gusts, or oscillatory motion that could derive from the shedding of vortices have not been considered. The justification for this is that the pointing requirement is relatively relaxed so some level of perturbation can be tolerated. In addition most of these dynamics predominantly produce fluctuations in the displacements rather than rotations and therefore their impact on the attitude is limited. Finally, the variation of the forces produced during these dynamics should be much lower than the maximum values considered in the static assessment carried out here. Therefore, as the aim of the current work was to assess the concept feasibility, the study of the dynamic effect is left for a more indepth analysis, which is beyond the scope of the current paper.
EXAMPLE APPLICATION
Assuming that the aerostat has spherical shape it is possible to express its surface as a function of the volume, thus defining the function
Generally a sphere is not the most appropriate shape for an aerostat, mainly for aerodynamic reasons and stability. More complex shapes would produce a more complicated expression for equation (22) , and change the final volume that is required for this application, but would not change the substance of the argument addressed in the current paper. A sphere is considered here as a reasonable first approximation based on the fact that the pointing requirement is relatively coarse and the tension in the mooring line strongly increases the stability of tethered balloons.
Taking the conservative values that are listed in Table 2 for the parameters that appear in equations (2) and (3) and assuming that the densities of air and helium at 6 km are half of their value at ground level (consistently with the standard atmosphere parameters) it is possible to calculate the lifting force, the weight of the aerostat and that of the cells cladding its surface as functions of the volume of the aerostat (curves shown in Fig. 3 ). Concerning the electrical parameters and efficiencies, from the values listed in Table 2 it is possible to work out the cross-section of the aluminium cable required, and taking the density of the aluminium as 2800 kg/m 3 , and a length of conductor of 12 km, from equation (9) is possible to work out the total weight of the conductor in the tether, as a function of the aerostat volume.
As the aerostat must be able to lift the weight of the conductor in the tether (for the moment the weight of the strengthening fibres in the tether has been neglected) to guarantee tension in the tether the following must be verified
where W Teth is the sum of W Al and W fib , and this can be achieved with a relatively small volume of less than 10 000 m 3 , which would deliver about 45 kW to the ground. Considering then Aramid from Dupont (Kevlar 49) with fiber strength up to 3.62 GPa and densities 1450 kg/m 3 as reinforcement, from equation (13) it is possible to work out the weight of the reinforcement, which turns out to be 25 kg/km of tether, and the result still verifies equation (22) .
However, the wind must be taken into account and the design loop updated also to limit the drift of the aerostat subjected to the drag force.
To set a specific limit on the horizontal displacement x A and the altitude of the aerostat, at this stage would be rather arbitrary, so in this case these values were calculated as a function of the wind speed, and 40 m/s is taken as the maximum wind speed.
Using the parameters described above and setting 30 000 m 3 as the aerostat volume, (i.e. a sphere of 39 m diameter), equations (1) to (3) give the lifting force and weights of aerostat and solar cells, respectively. Equation (4) yields the aerostat power, and subtracting 10 per cent losses in the cable, the aerostat should be able to deliver to the ground just over 95 kW. Using these parameters the total weight of aluminium conductor required is 5372 kg, and using a drag coefficient of 0.2 (appropriate for very large spherical balloons at supercritical Reynolds number [22] ) using equation (11) it is possible to calculate the drag, and from equation (14) the total weight of the reinforcing fibres in the tether. This results in a weight of 386 kg.
Utilizing the values above, and equations (19) and (21) it is possible to obtain the horizontal drift and altitude of the aerostat. The values are shown in Table 3 and it is possible to see that the drop in the aerostat altitude becomes significant only for strong (and relatively rare) winds. In any case, this can be compensated feeding more tether line.
The optimization of the aerostat parameters, as a function of the wind and clouds distribution is beyond the scope of the current work. In fact, as mentioned earlier, as the lift is proportional to the volume, while all the weights are roughly proportional to the aerostat surface, a new feasible design set to operate at higher altitudes (say 8 or 9 km) can be produced by increasing the volume.
These initial calculations, shows that the concept implementation is challenging, but there are not specific issues ('show stoppers') that can deny the technical feasibility of this concept.
COST
A key point is whether the use of an AEPG is an economically viable method to generate electricity and therefore the issue of cost has to be addressed. Here the 'design' generated in the example in section 4 is used to assess the cost. The design was not cost optimized, and therefore in reality it could be possible to generate a design more profitable then the one examined here.
Today there are only a relatively small number of commercial companies that produce airships or aerostats, and none of them produces batches of significance [19] , and in the past the only significant production batches have been during the wars, for the military market, rather than for civil applications. Each company produces a few models of different sizes, but the products are heavily customized with characteristics and payloads to suit the need of the specific customers. Most of the products are unique combinations of hull, subsystems and payload and the number of 'build to print' very limited. Therefore, the non-recurring costs are very high, and this is reflected in the relatively high price of these systems, compared with the cost of the 'materials'. It is relatively easy to obtain a price estimate for an overall aerostat systems (including payload) for example for surveillance purposes, and this can be in the order of a few million dollars, but it is clearly much more difficult to obtain figures for the breakdown of the costs, as these are company sensitive information. The information available to carry out a prediction of the cost based on statistical information and sizes is therefore very limited. Using the volume as the parameter to give a ROM indication of the cost of an aerostat, the cost per cubic metre ranges from around 40$ per m 3 for the simplest helium filled balloon, to 70$ for blimps with a passive control systems to over 1000$ per m 3 for very sophisticated aerostats (including all the control systems). However, surface rather than volume is generally a better indicator of the cost of an aerostat, especially if the shape is relatively simple, and in the case the cost could be as low as 60 -70$ per m 2 . The cost of helium in bulk is below 5$ per m 3 [24] so from the information available it appears that approximately 700 000$ could cover the cost of the aerostat and its basic control system. Another 100 000$ each would cover the basic design of mooring station and tether. For the reasons discussed before, these figures are approximate estimates and a more precise costing can be carried out after a complete preliminary design, which is beyond the scope of the current paper. Finally, for the solar cells, using 4$ per watt (crystalline or amorphous silicon cells), the total cost would be approximately 400 000$.
If it is assumed that the aerostat is non-operational half month per year (normal maintenance could be carried out overnight, without any impact on the productivity), and lasts in service for 15 years (being productive on average 12 h per day), this would yield a cost per kW of 22 Cents, i.e. less than two thirds of that of a good ground-based solar power system located in the UK. Some costs have not been included, like the cost of the maintenance, that would be higher than that of ground-based modules. However, other parameters can be modified to increase production. For example, as the losses in the cable are inversely proportional to the square of the voltage, increasing the voltage would strongly reduce the cable losses. Similarly, as the cost of the cells is a minor part of the overall costs, adding more cells or improving the cells area efficiency would also improve the economical situation considerably. For example extending the cell coverage on the spherical cap to 608 semi-angle, and changing the mounting configuration of the cells in the spherical segment between 30 and 608, as shown by the sketch in Fig. 4 will increase the electricity output by more than 50 per cent with minimal impact on the cost. Another option to lower the cost and improve mechanical performance is to utilize hydrogen rather than helium, as its cost is significantly lower. The increase in the risk due to the high flammability of hydrogen would have to be weighed against the lower cost and improved buoyancy provided. The power consumption of the control system has been neglected as the aerostat is supposed to be balanced and the tracking is so slow the power requirement will be indeed very small compared with the power generated.
The figures quoted above are approximations, but they show that the concept cannot be dismissed prima facie on the basis of its cost. To carry out a detailed costing an appropriate preliminary design has to be carried out, and this is beyond the scope of the current paper.
APPLICATIONS
The development of new and cost-effective methods to harness renewable energy has become crucial to maintain the energy supply, which underpins the society. From many sources it has become apparent that reliance on wind power alone will not be able to solve the energy crisis looming ahead, and the government is currently looking at a mix of resources to supply the future market as none of the current sources (including nuclear energy) is able to offer a complete solution.
Wind power and solar energy (that is generated by ground-based panels) are somewhat unreliable as they both depend on the weather condition, and in countries with climate such as the UK (with relatively low number of peak solar hours) solar energy becomes very expensive.
The concept that is presented in the current work could allow the costs of solar energy to be cut considerably and at the same time addresses the problem of the unreliability due to the unfavourable weather conditions.
In addition, there locations with unsuitable surroundings for installation of conventional solar panels (e.g. lighthouses, or offshore platforms) or situations where the ground support has be reduced to the minimum (areas subject to flooding) and this type of facility could offer a solution.
Finally, this facility could be used for isolated settlements or to supply clean energy at specific locations for particular events without having to rely on the national grid, or polluting petrol or diesel generators.
It is also possible to envisage multiple deployments in a sort of 'farm', to optimize costs and maintenance, provided that some distance is kept to avoid interference between the aerostats. As it has happened to the development of some wind farms, it is possible that the deployment of these facilities could encounter some hostility in the local public (although a 40 m diameter aerostat at 6 km would appear smaller than a UK 5 pence coin held at an arms distance). Although the aerostat's altitude would be lower than that of commercial airliners, these will pose a risk to the general aviation, and all these issue should be properly investigated before any plan for commercialization.
CONCLUSIONS
In the current paper, the concept to produce substantial electric energy using solar cells cladding some of the surface of a high altitude aerostat has been investigated.
Based on realistic values for the relevant engineering parameters that describe the technical properties of the materials and subsystems, a static analysis of the aerostat in its deployed configuration has been carried out. The results of the computations, although of a preliminary nature, demonstrate that the concept is technically feasible. There are, nevertheless, issues to be addressed to improve the performance, for example the high voltage required to minimize losses in the transmission of the electricity to the ground, and details still to be addressed, like the attitude control of the aerostat. However none of these issues is deemed to negate the technical feasibility of this concept.
The order of magnitude costs in the current study show that this concept has the potential to reduce the cost of solar energy in countries with an unfavourable climate, such as the UK. However, a Fig. 4 Possible configuration for extension of the cells coverage on the aerostat surface more detailed design is required to produce a more realistic cost estimate. In addition this method to produce electric energy also removes the issue of unreliability, which characterise ground-based solar panels as well as electricity generated from wind power. 
